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Summary
3T3-L1 preadipocytes require cAMP for maximal differentiation. Microarray analysis reveals that the integrins α5 and α6
are coordinately regulated by cAMP. α5 expression is gradually diminished during adipogenesis, whereas α6 is increased.
Overexpression of α5 in preadipocytes results in enhanced proliferation and attenuated differentiation. Conversely, α6
overexpression is without effect. The GTPase Rac is normally inhibited during differentiation. However, overexpression
of integrin α5 increases Rac activity. Constitutively active but not dominant-negative Rac inhibits differentiation when
overexpressed in preadipocytes, implying its role downstream of α5 integrin in maintaining preadipocytes in an undif-
ferentiated state. Moreover, α6 integrin is critically involved in clustering growth-arrested preadipocytes on basement
membrane Matrigel. Perturbation of such clustering enhances Rho activity and promotes growth-arrested preadipocytes
to reenter the cell cycle. These findings demonstrate a role for integrin α6 in connecting morphogenesis with signaling
processes leading to terminal differentiation.Introduction
The adipocyte functions both as a storage depot for fuel and
an endocrine cell that senses hormonal and energy status, and
in response secretes hormones, referred to as adipokines, to
help maintain whole-body energy balance (Kershaw and Flier,
2004; Spiegelman and Flier, 2001). Adipocytes, osteoblasts,
and chondrocytes descend from a common mesenchymal
stem cell precursor (Gregoire et al., 1998; Grigoriadis et al.,
1988; Kershaw and Flier, 2004; Pittenger et al., 1999). Adipo-
genesis begins in the prenatal period and continues throughout
life. This multistep process is regulated by numerous hormones
and is accompanied by dramatic changes in cell shape and
gene expression (Gregoire et al., 1998; MacDougald and Lane,
1995; Rosen and Spiegelman, 2000; Rosen et al., 1979, 2000).
The first step involves proliferation of mesenchymal stem cells
followed by differentiation into preadipocytes. Fibroblast-like
preadipocytes then migrate to and proliferate at the site of adi-
pogenesis, where they undergo a second differentiation step
to become round, spherical adipocytes (Ailhaud et al., 1992;
Burdi et al., 1985; Cornelius et al., 1994).
While the signals that control the commitment of mesenchy-
mal stem cells to an adipocyte fate remain largely unknown,
downregulation of Rho activity appears to play a pivotal role in
this process (McBeath et al., 2004). A recent study has indi-
cated that, when human mesenchymal stem cells assume a
round shape, adipogenesis is promoted via downmodulation
of the RhoA-ROCK-tension pathway (McBeath et al., 2004). In-
deed, earlier studies in mice with a targeted disruption of
p190RhoGAP-B also showed that IGF-1-induced inhibition of
Rho activity favors adipogenesis of embryonic fibroblasts over
myogenesis (Sordella et al., 2003).
Preadipocytic cell lines such as 3T3-L1 are excellent in vitro
models for studying hormonal regulation of adipocyte differen-
tiation and metabolism (Gregoire et al., 1998; MacDougald and
Lane, 1995; Rosen and Spiegelman, 2000). Postconfluent G0
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exposure to a regimen of adipogenic factors, including fetal
bovine serum (FBS), dexamethasone (DEX), methylisobutyl-
xanthine (MIX), and insulin (Green and Kehinde, 1975; Green
and Meuth, 1974; MacDougald and Lane, 1995). Cells undergo
differentiation after entering a period of mitotic clonal expan-
sion, followed by growth arrest. The mitotic clonal expansion
is believed necessary to unwind DNA, allowing transcription
factors access to regulatory response elements present in adi-
pose-specific genes. The expression of early adipose genes
such as CCAAT/enhancer binding protein β (C/EBPβ) and
C/EBPδ are initiated during this period of mitosis. Subse-
quently, C/EBPβ and C/EBPδ mediate the transcriptional acti-
vation of peroxisome proliferator-activated receptor γ (PPARγ)
and C/EBPα. Through a combination of autocrine and par-
acrine mechanisms, these two master regulators of adipocyte
differentiation then mediate the acquisition of the adipocyte
phenotype (MacDougald and Lane, 1995; Rosen and Spiegel-
man, 2000; Rosen et al., 2000).
Among the components of the classic adipogenic cocktail,
insulin (at a nonphysiologically high concentration) is known
to act through the insulin-like growth factor 1 (IGF-1) receptor
(Schmidt et al., 1990; Smith et al., 1988). Stimulation of the
IGF-1 receptor by insulin leads to inhibition of Rho-ROCK
pathway (Sordella et al., 2003) as well as activation of the MAP
kinase pathway and subsequent mitotic clonal expansion (Tang
et al., 2003). While glucocorticoid addition gives rise to an ele-
vated cAMP concentration sufficient to induce differentiation of
Ob1771 preadipocytes (Vassaux et al., 1992), this is not the
case for certain other preadipocyte lines such as 3T3-L1. It has
been commonly recognized that maximum differentiation of
3T3-L1 preadipocytes requires both DEX and MIX (MacDou-
gald and Lane, 1995). However, the specific contribution of MIX
and DEX to the process has not been completely elucidated.
Gene expression profiling has been extensively used as a
means of identifying key regulatory factors involved in adipo-ELSEVIER INC. DOI 10.1016/j.cmet.2005.08.006 165
A R T I C L Ecyte differentiation. We describe here a crucial role for integrins
α5 and α6, the expression of which are differentially regulated
during adipocyte differentiation. These studies implicate the
importance of the extracellular matrix (ECM) receptors in the
regulation of adipocyte differentiation and gene expression.
Results
Both DEX and MIX are required for 3T3-L1
adipocyte differentiation
Previous work has established DEX, MIX, and insulin as major
inducers of adipocyte differentiation in vitro (Green and Ke-
hinde, 1975; Green and Meuth, 1974; MacDougald and Lane,
1995). However, Qiu et al. found that DEX and MIX can induce
significant 3T3-L1 adipocyte differentiation in the absence of
insulin (Qiu et al., 2001). We reassessed the contribution of in-
dividual components to the differentiation process by treating
cells with different combinations of DEX, MIX, and insulin in the
presence of FBS. Adipocyte differentiation was evaluated by
the expression of adipocyte marker proteins aP2, CAP and
C/EBPα as determined by immunoblotting, and the accumula-
tion of cytoplasmic triglyceride, as revealed by Oil Red O stain-
ing (Figure 1). Regardless of the presence of MIX and insulin,
DEX was able to stimulate to a great extent the expression
of aP2 and CAP, two genes downstream of PPARγ activation
(Baumann et al., 2000; Thompson et al., 2004). The expression
of C/EBPα, however, was upregulated only when MIX was in-
cluded in the medium with DEX (Figure 1A). The combination
of DEX and MIX also caused a slight decrease in the expres-
sion level of β-actin. Insulin, the sole factor known to induce
mitotic clonal expansion (Qiu et al., 2001), was not required for
expression of any of the marker proteins. Light microscopy and
Oil Red O staining confirmed the results of immunoblotting. As
shown in Figure 1B, DEX/MIX/insulin and DEX/MIX were the
only two conditions that caused the fibroblast-like preadipo-
cytes to differentiate into the round-shaped adipocytes. Inter-
estingly, the adipocytes differentiated with DEX/MIX were sig-
nificantly larger in size than the adipocytes differentiated in the
presence of insulin plus DEX/MIX. Taken together, these results
demonstrate that the presence of FBS, DEX, and MIX is neces-
sary and sufficient to induce differentiation of 3T3-L1 preadipo-
cytes.
Genes that are regulated by MIX
Although DEX alone was able to increase PPARγ expression
and those of downstream genes, addition of insulin to the dif-
ferentiation cocktail with DEX was not sufficient to induce dif-
ferentiation. Thus, to determine the precise role of MIX in the
preadipocyte differentiation, we performed gene microarrays.
Total RNA was purified from postconfluent 3T3-L1 cells treated
for 3 days with DEX/MIX/insulin (DI + M) or from cells treated
with DEX/insulin containing no MIX (DI − M). Data derived from
these two conditions are accessible at http://www.lifesciences.
umich.edu/institute/labs/saltiel/saltiel_cellmetabolism.pdf. We de-
signed a simple screen to define genes that are expressed at
similar levels (within 2-fold of each other) among the three
samples from the same condition and that are expressed at
significantly different levels between the two conditions (DI +
M versus DI − M) (p < 0.01; at least a 5-fold change). Of the
w22,000 genes and ESTs that are represented on the chip,
218 met these criteria. The gene names of 149 clones within166these 218 clones could be identified. The rest were ESTs from
uncharacterized genes.
Most genes exhibiting higher expression levels under the DI −
M condition were housekeeping genes, while many of the
genes whose expression level was higher under the DI + M
condition represent those critical for adipogenesis and adi-
pose-specific metabolism (see Table S1 in the Supplemental
Data available with this article online). For example, EST clones
representing various fat-specific secreted factors such as re-
sistin, adiponectin, and adipsin were upregulated by at least
20-fold when the cells were cultured in DI + M compared to DI −
M. The inclusion of MIX in the differentiation cocktail also ele-
vated the expression of C/EBPα and PPARγ, two of the most
important transcription factors for adipogenesis, by 36-fold
and 16-fold, respectively. Interestingly, adaptor protein with PH
and SH2 domains (APS), an insulin receptor substrate involved
in Cbl tyrosine phosphorylation, was also found to be highly
expressed under DI + M conditions. In fact, APS had the high-
est DI + M/DI − M fold change (29×) among all the genes en-
coding signaling proteins. Phosphodiesterase 4B was also ele-
vated with a 14-fold increase.
Integrin α subunit expression changes during
the differentiation of 3T3-L1 preadipocytes
Both integrin α5 and α6 subunits were differentially expressed
in response to MIX in the differentiation cocktail (Table S2). Be-
cause of the important role of these proteins in adhesion and
cell fate determination, we tested whether there was an ex-
pression switch of integrin α5 to integrin α6 mRNA and protein
during the progression of differentiation of 3T3-L1 preadipo-
cytes. Cells were differentiated using the standard cocktail
containing DEX/MIX/insulin/FBS. The expression of integrin α5
and α6 proteins at different time points of differentiation was
determined by RT-PCR and immunoblotting assays. As shown
in Figure 2A, α5 was highly expressed in preadipocytes and
stayed at a similar level during the first 2 days of adipogenesis.
However, we were unable to detect α6 expression during this
period. Expression of α5 integrin was significantly decreased
after 3 days of differentiation, while there was a dramatic in-
crease in the expression of α6 over this time period. As con-
trols, mRNA level of Rac1 and protein level of β-actin remained
constant throughout the differentiation.
To determine what components in the differentiation cocktail
were responsible for the apparent expression switch of integrin
α subunits, we treated postconfluent preadipocytes for 3 days
with different combinations of DEX, MIX, and insulin. Immu-
noblotting analysis revealed that the integrin switch was only
induced by DEX/MIX/insulin or DEX/MIX (Figure 2B). Coincidently,
these were also the two conditions under which preadipocytes
can undergo differentiation to adipocytes. Interestingly, inclusion
of H-89, a specific inhibitor for cAMP-dependent protein kinase
(PKA), did not affect either expression switch of α integrins or
differentiation of preadipocytes, as revealed by aP2 immunoblot-
ting (Figure 2C). Taken together, the results suggest that the
switch of expression pattern of α integrins may be controlled
by a cAMP-dependent but PKA-independent pathway that is
specifically associated with the differentiation of 3T3-L1 pread-
ipocytes.CELL METABOLISM : SEPTEMBER 2005
α integrin switching in adipogenesisFigure 1. Differentiation of 3T3-L1 preadipocytes
under different conditions
Preadipocytes were induced to differentiation with
different combinations of DEX (D), MIX (M), and in-
sulin (I) in the presence of FBS.
A) cell lysates were prepared on day 5 postdifferen-
tiation induction. 20 g of total protein were sub-
jected to SDS-PAGE followed by immunoblot analy-
sis for C/EBPα, aP2, CAP, and β-actin.
B) Phase-contrast images and Oil Red O staining of
cells on day 5 of differentiation are shown.To determine whether such an expression switch occurs in vivo,
we isolated primary preadipocytes and adipocytes from mouse
epididymal fat pad. Immunoblotting revealed aP2 expression
in adipocytes but not in preadipocytes (Figure 2D). As a con-
trol, the expression level of flotillin-1 was comparable between
these two populations. Consistent with the results obtained
from 3T3-L1 cells, α5 integrin was expressed at a high level in
preadipocytes but was undetectable in adipocytes. α6 integrin,
on the other hand, was more abundant in adipocytes than in
preadipocytes (Figure 2D).
To insure that the surface expression of integrin α subunits
correlates with their total expression level, we analyzed bothCELL METABOLISM : SEPTEMBER 2005nonpermeablized preadipocytes and adipocytes by immuno-
staining using α5, α6, and β1 integrin antibodies specific for
their extracellular domains. As shown in Figure 2E, integrin α5
was expressed on the cell surface at a high level in preadipo-
cytes but at a considerably lower level in adipocytes. In con-
trast to α5, there was no appreciable surface expression of
α6 integrin in preadipocytes, while a great amount of α6 was
detected on the cell surface after differentiation. As control, β1
integrin was detected on the surface of both preadipocytes
and adipocytes. Therefore, there is a switch in surface expres-
sion as well as total expression of α integrins during the differ-
entiation process.167
A R T I C L EFigure 2. Expression switch of integrin α subunits during differentiation of preadipocytes
A) Total RNA or protein was extracted from cells at various days of differentiation. The levels of α5 and α6 integrins were analyzed by RT-PCR or immunoblotting.
B) Expression of α integrins was analyzed by immunoblotting in lysates from cells differentiated under different conditions for 5 days.
C) Cells were differentiated under DMI condition in the presence or absence of 5 M H-89. Expression of α5, α6, and aP2 was revealed by immunoblotting of
cell lysates.
D) Preadipocytes and adipocytes were isolated from mouse epididymal fat pad. Immunoblotting analysis was performed using antibodies against α integrins, flotillin-1,
and aP2.
E) Preadipocytes and adipocytes were fixed and left unpermeablized. Integrin α5 and α6 was detected on the cell surface by immunostaining with FITC-conjugated
antibodies that recognize their extracellular domains. β1 integrin was costained with an antibody against its extracellular domain followed by Alex594-conjugated
secondary antibodies.The α5 and α6 integrins act reciprocally to regulate
proliferation and differentiation of preadipocytes
To address the role of integrins in adipogenesis, we attempted
to stably express α5 and α6 subunits in 3T3-L1 preadipocytes
and then differentiate these cells into adipocytes. The conven-
tional methods for establishing stable cell lines have been inef-
ficient for preadipocytes, largely because preadipocytes tend
to lose differentiation potential throughout the numerous pas-
sages necessary for selection of drug-resistant clones. Thus,
we resorted to a lentiviral-mediated system that has previously
proven to be effective in final genetic modification of both di-
viding and nondividing cells. The lentiviral vector pHR-CMV-
GFP, which contains the ubiquitously active cytomegalovirus
(CMV) promoter to drive the expression of the GFP reporter
gene, was used to evaluate gene transfer into 3T3-L1 preadi-
pocytes. We exposed the replicating preadipocytes at low con-
fluence to pHR-CMV-GFP at 5 × 107 particles per 105 cells.
Seventy-two hours postinfection, over 95% of the cells were
GFP positive (see Figure S1). No cytotoxicity was apparent, as
the ability of the infected cells to differentiate into lipid droplet-
gorged adipocytes remained intact. Next, we transduced pre-168adipocytes with the lentiviral particles containing either α5
cDNA or α6 cDNA. The GFP virus served as a control for both
integrins. Overexpression of integrin proteins in preadipocytes
was demonstrated by immunoblotting. As shown in Figure 3A,
an w2-fold increase in the amount of α5 in the lysates from
preadipocytes infected with α5 lentivirus was found when
compared with that of endogenous protein in cells infected by
GFP virus. A similar increase in the amount of α6 was observed
when cells infected were differentiated to adipocytes (Figure 3D).
To investigate whether the integrin switch affects preadipo-
cyte differentiation, we assayed the ability of the preadipocytes
stably expressing α5 and α6 integrins to differentiate into adi-
pocytes. By 5 days after the induction of differentiation, cells
infected with either GFP virus or α6 virus were differentiated
into adipocytes, as indicated by the appearance of a micro-
scopic pattern of multilocular fat droplets. Oil Red O staining
confirmed the accumulation of intracellular triglycerides in
these cells. In contrast, cells overexpressing α5 integrin re-
mained mostly fibroblastic with few fat droplets (Figure 3C).
Immunoblotting showed that the expression of the adipocyte
marker proteins C/EBPα and aP2 was decreased, though to aCELL METABOLISM : SEPTEMBER 2005
α integrin switching in adipogenesisFigure 3. Proliferation and differentiation of 3T3-L1 cells overexpressing GFP, α5, and α6
A) Preadipocytes were transduced by lentiviral vectors expressing GFP, α5, or α6. Lysates were prepared from subconfluent preadipocytes and 20 g of total protein
was separated by SDS-PAGE. Integrins, pY118-Paxillin, total paxillin, phosphor-ERK, and total ERK were revealed by immunoblotting using specific antibodies.
Quantification of ERK phosphorylation by densitometry analysis of two independent experiments is also shown (± SD).
B) Preadipocytes expressing GFP, α5, or α6 were plated at 0.5 × 105 in 60 mm dishes, and cell numbers were counted during different days of growth. The data
reported are the means ±SD of results of three independent experiments.,, α5; :, GFP;>, α6.
C) Preadipocytes ectopically expressing GFP, α5, or α6 were induced to differentiation by DEX and MIX. The phase-contrast images and the Oil Red O staining of cells
from day 7 postdifferentiation induction are shown.
D) Cell lysates were prepared day 7 postdifferentiation induction and analyzed by immunoblotting with antibodies against integrins, C/EBPα, and aP2.different extent, in α5 cells compared with GFP or α6 cells (Fig-
ure 3D). This is consistent with the results of Oil Red O staining.
Because cell growth and differentiation are usually mutually
exclusive, and preadipocytes undergo growth arrest before dif-
ferentiation, we investigated whether ectopic integrin expres-
sion might affect the growth profile of 3T3-L1 preadipocytes.
Figure 3B shows the growth curve of cells infected by α5 or
α6 virus compared with the growth of GFP-expressing cells.
The α5-expressing cells exhibited a significant increase in
growth rate compared with GFP cells. All α5-expressing cells
had a shorter doubling time (18 hr) and an increased growth
rate compared with the GFP cells (doubling time, 23 hr). Con-
versely, the α6-expressing cell clones showed the opposite
phenotype, with a slightly increased doubling time (25 hr) and
a reduced growth rate. Therefore, the growth properties of α5-
and α6-expressing cells were significantly different from the
GFP-expressing cells.CELL METABOLISM : SEPTEMBER 2005A previous study using primary myoblasts has shown that
ectopic α5 expression enhances activation of paxillin and MAP
kinase, while ectopic α6 expression suppresses MAP kinase
activation with a lesser effect on paxillin (Sastry et al., 1999).
Since both paxillin and MAP kinase have been implicated in
anchorage-dependent cell growth (Hagel et al., 2002; Howe et
al., 2002; Turner, 2000a, 2000b), we examined whether ectopic
integrin expression altered paxillin phosphorylation and MAP
kinase activation in preadipocytes. MAP kinase activity was as-
sessed by immunoblotting cell lysates with an antibody that
specifically recognizes the phosphorylated active forms of the
42 and 44 kDa MAP kinase. As indicated in Figure 3A, α5 ex-
pression enhanced the level of active MAP kinase to a small
degree compared with GFP expression. In contrast, the level
of active MAP kinase in α6-expressing cells was decreased by
w55%. Paxillin phosphorylation was not significantly altered
when either α5 or α6 was overexpressed.169
A R T I C L EIntegrins regulate Rac activity in 3T3-L1 cells
As Rho GTPases transduce intracellular signals from growth
factors as well as integrin receptors (Burridge and Wennerberg,
2004; Etienne-Manneville and Hall, 2002), we investigated
whether ectopic expression of α5 and α6 integrins might affect
the activity of RhoA and Rac. Lysates were prepared from
postconfluent cells maintained in the regular growth media
containing serum. GTP bound RhoA and Rac were isolated
using the effector binding domain of rhotekin and Pak1, re-
spectively. Active and total RhoA and Rac were normalized to
total protein and analyzed by immunoblotting. As seen in Fig-
ure 4A, there was an appreciable amount of active Rac isolated
from GFP cells. α5 expression increased Rac activity by nearly
3-fold, while α6 expression only had a modest effect. These
results suggest that Rac may be involved in signaling down-
stream of the integrin switch. RhoA activity, on the other hand,
was barely detectable in GFP cells from such a high-density
culture. Expression of α5 or α6 integrins had no effect on RhoA
activity (data not shown).
To assess the influence of cell density, we measured the ac-
tivity of RhoA and Rac isolated from subconfluent and post-
confluent preadipocytes. As was observed previously with
mesenchymal stem cells (McBeath et al., 2004), increase in
preadipocyte density dramatically diminished RhoA activity
while slightly enhancing Rac activity (Figure 4B). As Rac posi-
tively regulates cyclin D1 expression (Coleman and Marshall,
2001; Mettouchi et al., 2001; Ridley, 2001), E2F stimulation,
and pRb hyperphosphorylation (Gjoerup et al., 1998), we also
evaluated whether Rho and Rac activity might be regulated
during the differentiation of postconfluent 3T3-L1 cells. As
shown in Figure 4B, Rac activity but not its expression level
was downregulated upon differentiation. This change in Rac
activity started 3 days after DMI induction, and the time course
correlates well with the expression switch of integrin α subunits
(Figure 4C). On the other hand, like in postconfluent preadipo-
cytes, Rho activity remained hardly detectable in adipocytes
(Figure 4B). Therefore, Rac activity appears to be regulated
during the differentiation process, while RhoA activity is down-
stream of the change in preadipocyte density.
To determine the role of Rac in the adipogenic differentiation,
we expressed either a constitutively active or a dominant-nega-
tive mutant of Rac (RacL61 or RacN17, respectively) in 3T3-L1
preadipocytes via lentiviral-mediated transduction. Both Rac mu-
tants were fused at the N terminus with a single Myc-epitope
tag. Immunoblotting with anti-Rac or Myc antibodies showed
that both mutants were expressed at levels comparable to that
of the endogenous proteins (Figure 4E). We then tested these
cells for their ability to differentiate into mature adipocytes.
After 5 days of differentiation induction, the phenotype of
cells expressing either Rac mutant was compared with that of
GPF-expressing cells. Oil Red O staining and immunoblotting
of C/EBPα and aP2 showed that cells expressing RacN17 dif-
ferentiated into adipocytes as well as those expressing GFP
alone. In contrast, cells expressing RacL61 demonstrated
fewer lipid droplets accompanied by a lower level of C/EBPα
and aP2 expression (Figures 4D and 4E). Therefore, Rac nega-
tively regulates the differentiation of 3T3-L1 preadipocytes, and
the integrin switch appears to serve as a mechanism for shut-
ting down Rac activity.170Morphological differentiation of growth-arrested
preadipocytes depends on integrin α6
One of the key stages of de novo adipogenesis is the clustering
of preadipocytes to form primitive fat tissue in which individual
cells concomitantly adopt a round shape (Wasserman, 1965).
To study the morphological behavior of preadipocytes, we re-
plated 3T3-L1 cells 3 days after differentiation at a subcon-
fluent density in various extracellular matrix environments. We
found that cells migrated and aggregated to form a unique
multicellular structure on top of the reconstituted basement
membrane Matrigel. The cluster-like structure was formed at
6–8 hr after the cells were seeded, and it lasted 2–3 days (Fig-
ure 5A). This adipose tissue-like morphology was only formed
on Matrigel, not on collagen I, indicating that a specific interac-
tion between the integrin on 3T3-L1 cells and the ECM compo-
nent in Matrigel is required for this morphogenetic process.
Matrigel is derived from Engelbreth-Holm-Swarm mouse
sarcoma and is composed largely of basement membrane pro-
teins including laminin, collagen IV, and proteoglycans. Since
clustering of preadipocytes in vivo is likely mediated by adhe-
sion and migration of preadipocytes on laminin, we included
function-blocking antibodies in the culture media to test the
involvement of integrin α6 in this process. As shown in Figure
5A, preincubation with integrin α6 mAb GoH3 inhibited the for-
mation of the multicellular cluster structure of 3T3-L1 cells. In-
stead of clustering and adopting a round cell shape, cells dis-
persedly spread out and displayed a fibroblastic morphology.
On the other hand, neither a nonspecific antibody nor a func-
tion-blocking mAb against integrin α5 had any effect, indicat-
ing that only laminin-integrin α6 engagement is required for this
cellular morphogenesis.
We next examined the direct effects of integrin-blocking anti-
bodies on preadipocyte spreading and migration. Cells from 3
days after differentiation attached and spread on Matrigel after
30 min of plating (Figure 5B). However, when plated in the pres-
ence of a function-blocking antibody against α6 integrin, cells
attached but remained round. In contrast, α5-blocking antibody
had no inhibitory effect on either cell attachment or spreading.
Overall, less than 10% of the cells spread in the presence of α6
antibody, while close to 85% of the cells spread when no anti-
body or α5 antibody was included.
In order to examine the importance of α6 in preadipocyte
migration, cells were seeded at a confluent density in a Matri-
gel-coated dish with its central area precovered by a coverslip.
After 15 hr of incubation, the coverslip was removed and the
cells were allowed to migrate as an inward growth into the re-
sultant open space (Figure 5C). In the presence of either no
antibody or α5-blocking antibody, cells were able to migrate
into the open space and subsequently aggregate. In contrast,
inclusion of α6-blocking antibody greatly reduced migration
and aggregation. Therefore, integrin α6, presumably through
its interaction with laminin, mediates attachment and migration
of preadipocytes on Matrigel.
Integrin α6-mediated cell clustering
regulates RhoA activity
Earlier studies have shown that downregulation of the RhoA-
ROCK pathway is required for mesenchymal stem cells to un-
dergo adipogenesis. As shown in Figure 4B, increase in preadi-
pocyte density inhibited RhoA activity. Density-dependent cell
shape change is believed to regulate cellular fate by modulat-CELL METABOLISM : SEPTEMBER 2005
α integrin switching in adipogenesisFigure 4. Integrin switch regulates Rac activity
A) Lysates were prepared from postconfluent preadipocytes ectopically expressing GFP, α5, or α6. Proteins pulled down by GST-PAK1 were separated by SDS-PAGE
and then analyzed for bound Rac by immunoblotting. An aliquot of lysate was used for analyzing the total amounts of Rac. Quantification of active Rac by densitometry
analysis of two independent experiments is also shown. Error bars represent SD.
B) Lysates were prepared from subconfluent preadipocytes (lane 1), postconfluent preadipocytes (lane 2), and adipocytes from day 7 postdifferentiation induction (lane
3). Rho and Rac proteins in their active forms were pulled down by GST-rhotekin and GST-PAK1, respectively, and were separated by SDS-PAGE followed by
immunoblotting analysis. The amount of total Rho and Rac in the lysates was also revealed by immunoblotting.
C) Cells were collected at indicated times during differentiation, and Rac activity was measured by GST-PAK1 pulldown assays.
D) Constitutively active (RacL61) and dominant-negative (RacN17) mutants of Rac were expressed in preadipocytes via lentiviral mediated method. The phase-contrast
images and Oil Red O staining of cells from day 7 postdifferentiation are shown.
E) Cell lysates were prepared and analyzed by immunoblotting with antibodies recognizing C/EBPα, aP2, Rac, and Myc.ing RhoA activity (McBeath et al., 2004). We therefore investi-
gated whether the cell density change resulting from integrin
α6-mediated clustering could also negatively regulate RhoA
activity in 3T3-L1 preadipocytes. We seeded cells from day 3
post DMI treatment at a subconfluent density on Matrigel inCELL METABOLISM : SEPTEMBER 2005the presence of α5- or α6-blocking antibodies. After 8 hr of
incubation, RhoA activity was analyzed by pull-down experi-
ments using a GST-rhotekin protein. As shown in Figure 6A,
integrin α6-blocking antibody significantly enhanced RhoA ac-
tivity at all concentrations used when compared with no anti-171
A R T I C L EFigure 5. Clustering of growth-arrested preadipocytes on Matrigel depends on integrin α6
A) Preadipocytes from day 3 post DMI induction were replated at a subconfluent density on the surface of Matrigel for 8 hr and then photographed. Monoclonal
antibodies against α integrins were added at 10 g/ml at the beginning of the plating. Same concentration of transferrin receptor antibody was used as control.
B) Same as in (A), except that cells were photographed after 30 min of plating.
C) Preadipocytes from day 3 post DMI induction were allowed to migrate for 15 hr on Matrigel in the presence of different antibodies and then photographed. Arrows
indicate the start point of migration.body control. However, inclusion of α5-blocking antibody had
no appreciable effect on RhoA activity. On the other hand,
RhoA activity remained equally low when cells were plated at a
confluent density, regardless of the type of blocking antibodies
included. These findings suggest the possibility that, as was
observed during high-density plating, integrin α6-mediated
clustering of preadipocytes plated at low density downregu-
lates RhoA activity.
Integrin α6-mediated cell clustering prevents growth-
arrested preadipocytes from reentering the cell cycle
3T3-L1 preadipocytes are growth arrested at the G1 phase be-
fore terminal differentiation. Replating growth-arrested preadi-172pocytes at a subconfluent density on a plastic surface or colla-
gen 1 gel resulted in reentry of the cells into the cell cycle and
subsequent proliferation (data not shown). To assess the effect
of cell clustering on Matrigel on cell cycle reentry, we per-
formed a colorimetric BrdU-incorporation ELISA to quantify
cells undergoing proliferation. As shown in Figure 6B, cells
treated with integrin α6-blocking antibody demonstrated sig-
nificantly enhanced proliferation after 8 hr of seeding on Matri-
gel compared with untreated control cells (41% decrease). In-
tegrin α5-blocking antibody did not affect mitotic activity, as
proliferation did not differ between control and treated cells.
Therefore, in addition to its morphogenetic effect, integrin α6CELL METABOLISM : SEPTEMBER 2005
α integrin switching in adipogenesisFigure 6. Clustering-induced downregulation of
RhoA activity and cell cycle exit are dependent on
cell density
A) Growth-arrested preadipocytes were plated at
low or high density on Matrigel in the presence of
different amounts of integrin antibodies. 8 hr after
plating, cells were dispersed with MatriSperse Cell
recovery solution, lysed, and incubated with GST-
rhotekin. Proteins were separated by SDS-PAGE
and then analyzed for bound RhoA molecules by
immunoblotting. An aliquot of lysate was used for
analyzing the total amounts of RhoA.
B) Preadipocytes from day 3 post DMI induction
were replated at a subconfluent density on the sur-
face of Matrigel for 8 hr followed by a 4 hr labeling
period with BrdU. Then, cell proliferation was ana-
lyzed by Cell Proliferation ELISA BrdU (colorimetric).
Error bars depict SD.prevents growth-arrested preadipocytes from reentering cell
cycle when plated at low density on Matrigel.
Discussion
Adipocyte differentiation is a multistep process in which mes-
enchymal stem cells first commit to becoming preadipocytes,
and then preadipocytes differentiate into mature adipocytes
(Ailhaud et al., 1992; Burdi et al., 1985; Cornelius et al., 1994).
A hormonal regimen widely used to differentiate the model pre-
adipocyte line 3T3-L1 in vitro usually includes cAMP phospho-
diesterase inhibitors such as MIX. It is well established that
cAMP enhances expression of both C/EBPα and C/EBPβ (Cao
et al., 1991; Tang et al., 1999). It was also shown recently that
cAMP initiates adipogenesis via the transcription factor cAMP
response element binding factor (CREB) (Reusch et al., 2000).
However, other findings have suggested an inhibitory role of α
subunit of the stimulatory G protein (GS) regarding differentia-
tion of 3T3-L1 cells (Gettys et al., 1991; Wang et al., 1992).
Thus, Gsα activity modulates adipogenesis independent of in-
creased intracellular cAMP. Data presented here indicate that
DEX and MIX are both required for upregulation of C/EBPα ex-
pression and eventual differentiation of 3T3-L1 preadipocytes,CELL METABOLISM : SEPTEMBER 2005although DEX alone appears sufficient for the activation of
PPARγ expression. A previous study by Qiu et al. has sug-
gested that insulin is not necessary for inducing adipogenesis
in 3T3-L1 cells (Qiu et al., 2001). However, our results do not
rule out the role of insulin because of its likely presence in the
FBS.
To uncover the specific gene expression programs that are
controlled by cAMP, we conducted gene array analyses to
evaluate multigenic expression profiles that were altered by in-
clusion versus exclusion of MIX in the prodifferentiative me-
dium. Many of the genes whose expression was induced by
MIX have previously been classified with regard to cell cycle
regulation or/and adipogenic differentiation. Among these are
C/EBPα and PPARγ, the two master regulators of adipogen-
esis. However, others have not been classified and should
serve as basis for further studies on the identification and char-
acterization of additional genes involved in adipocyte differenti-
ation and metabolism.
The onset of adipogenesis is usually defined by extracellular
matrix remodeling, characterized by the conversion from the
fibronectin-rich stromal matrix to the laminin-rich basement
membrane (Mandrup and Lane, 1997; Selvarajan et al., 2001;
Smas and Sul, 1995). This is consistent with the idea that pre-173
A R T I C L Eadipocytes lose their fibroblastic morphology as they turn into
round adipocytes. Growth of preadipocytes on a fibronectin
matrix inhibits adipocyte differentiation, and this effect is over-
come by the addition of cytochalasin D, which disrupts actin
filaments and promotes rounding-up of cells (Spiegelman and
Ginty, 1983). The interplay between the changing ECM, cy-
toskeleton, and cell shape and gene expression programs dur-
ing adipocyte differentiation is not yet understood. Here, we
elaborate the roles of integrin α5 and α6, respective receptors
for fibronectin and laminin, in proliferation and differentiation of
3T3-L1 preadipocytes. We report the presence of an expres-
sion switch from α5 to α6 at the growth arrest stage of differen-
tiation, which is consistent with the ECM change during adipo-
genesis. Moreover, ectopic expression of α5 or α6 integrin
produced contrasting phenotypes in proliferation/differentia-
tion of preadipocytes.
Numerous studies have associated integrin α5 with an-
chorage-dependent proliferation of keratinocytes, epithelial,
and muscle cells (Adams and Watt, 1990; Menko et al., 1998).
Overexpression of integrin α5 in the integrin α5β1-negative in-
testinal epithelial cell line Caco-2 results in activation of EGFR
and cell proliferation (Kuwada and Li, 2000). Moreover, ectopic
α5 expression prevents myoblast cell cycle withdrawal via
stimulation of MAP kinase and paxillin tyrosine phosphorylation
(Sastry et al., 1999). We show here that although it promotes
proliferation and inhibits differentiation of 3T3-L1 cells, α5 ex-
pression had only a minor effect on MAP kinase activity and
no effect on paxillin phosphorylation in preadipocytes. The dis-
crepancy between our results and previous findings may be
caused by the difference in cell type and/or the difference in
plating conditions. While cells in other studies were generally
plated on a fibronectin-coated surface (Kuwada and Li, 2000;
Sastry et al., 1999), α5-expressing preadipocytes used in our
study were maintained on plastic surface in the presence of
serum. The latter is also the condition under which 3T3-L1 cells
are routinely grown and differentiated. In fact, activation of the
EGFR and MAP kinase by EGF in α5-transfected Caco-2 cells
was strictly dependent on plating of cells on fibronectin (Ku-
wada and Li, 2000). Therefore, in the absence of exogenous
fibronectin, the effect of α5 expression in preadipocytes on cell
spreading and activation of MAP kinase may not be significant
when compared with that of α6 or GFP.
In a search for the mechanism underlying the enhanced pro-
liferation and impaired differentiation of integrin α5-expressing
cells, we reasoned that such a mechanism should be specific
for integrin α5, since differentiation was achieved to the same
extent in α6 cells as in control cells. Rho family GTPases are
molecular switches transducing signals from integrin and
growth factor receptors. Cell adhesion to fibronectin but not
laminin is particularly efficient in activating the Rho family
GTPase Rac, a process likely to be mediated by the guanine
nucleotide exchange factor SOS (Mettouchi et al., 2001). In this
study, we provide strong evidence to show that Rac might be
one of the key proteins working downstream of integrin α5 to
maintain preadipocytes in an undifferentiated state. First, Rac
activity was stably enhanced by ectopic expression of α5 inte-
grin in preadipocytes. Coincident with decreased expression of
α5 integrin, there is a down-regulation of Rac activity during
the differentiation of 3T3-L1 preadipocytes. Finally, overexpres-
sion of an active but not a negative mutant of Rac greatly de-
creased adipogenesis.174It is now well known that Rho GTPases regulate the actin
cytoskeleton and cell adhesion, as well as activities such as
cell cycle progression, differentiation, and gene transcription
(Burridge and Wennerberg, 2004; Etienne-Manneville and Hall,
2002). Here, we demonstrate that downregulation of Rac activ-
ity occurs at the growth-arrest stage of adipogenic differentia-
tion, whereas RhoA activity appears to be regulated by preadi-
pocyte density rather than during the differentiation process
per se. There are three explanations to account for the neces-
sity to down-modulate Rac activity in adipogenesis. First, Rac
may prolong proliferation of preadipocytes, which is consistent
with the reported effects of Rac on cyclin D1(Coleman and
Marshall, 2001; Mettouchi et al., 2001; Ridley, 2001), c-Myc
(Chiariello et al., 2001), E2F stimulation, and pRb hyperphos-
phorylation (Gjoerup et al., 1998). Second, by promoting cell
adhesion and spreading, Rac prevents the cell shape change
and the establishment of the cortical actin structure necessary
for adipocyte formation. Adhering cells are characterized by an
elaborate network of stress fibers and focal adhesions, and
thus are more prone to adopt a fibroblastic cell shape. In addi-
tion, cell adhesion and spreading in part reflect cytoskeleton
tension (Huang et al., 1998; Huang and Ingber, 1999). In this
regard, changes in cell shape and tension were shown pre-
viously to be determining factors for the adipogenic differentia-
tion of mesenchymal stem cells (McBeath et al., 2004). Third,
there is accumulating evidence for an important role of Rac-
induced dynamics in nuclear processes, notably in chromatin
remodeling (Rando et al., 2000). There is also strong evidence
that cycles of actin polymerization and depolymerization can
regulate gene transcription (Sotiropoulos et al., 1999). In sum-
mary, we thus postulate that Rac may act to modify the differ-
entiation program of preadipocytes at multiple levels.
In contrast to the α5 subunit, the expression of α6 integrin
is often linked to the differentiation of many cell types (Frade
et al., 1996; Kadoya et al., 1995; Menko et al., 1998; Sastry et
al., 1996; Selvarajan et al., 2001). During the differentiation of
3T3-L1 cells, expression of α6 integrin is correlated with the
growth arrest of preadipocytes. As was observed in myoblasts,
ectopic expression of α6 integrin in proliferating preadipocytes
decreased the level of active MAP kinase and the rate of cell
growth. This result suggests that α6 integrin also functions in
favor of differentiation over proliferation of preadipocytes.
Since overexpression of α6 integrin alone was not sufficient
to replace MIX in inducing adipogenic differentiation (data not
shown), it is likely that additional mechanisms must also be re-
quired.
In several prior studies, Matrigel has been used as a base-
ment membrane model for de novo adipogenesis (Hausman et
al., 1996; Kawaguchi et al., 1998; O’Connor et al., 2003; Tabata
et al., 2000; Viravaidya and Shuler, 2002). Our results show
that growth-arrested preadipocytes can form high-density cell
clusters when plated at a subconfluent density on Matrigel, re-
sembling a multicellular morphology adopted by cells in adi-
pose tissue. Cell clustering has at least three phases: cell ad-
hesion, cell migration, and cell-cell contact. Antibody inhibition
assays further demonstrate that integrin α6 contributes to the
clustering process by mediating adhesion and migration of
preadipocytes on Matrigel, presumably through its interaction
with laminin. Interestingly, integrin α6 together with tetra-
spanin/CD151 mediates the branching morphogenesis by en-
dothelial cells on Matrigel in an established model of angiogen-CELL METABOLISM : SEPTEMBER 2005
α integrin switching in adipogenesisesis (Kazarov et al., 2002; Zhang et al., 2002). Therefore,
proteins other than α6 integrin may also be involved in estab-
lishing the unique morphology for different cell types.
What are the biological roles of such preadipocyte cluster-
ing? It has been shown that downregulation of the RhoA-ROCK
pathway is required for both adipose lineage commitment of
mesenchymal stem cells and differentiation of precommitted
preadipocytes (McBeath et al., 2004; Sordella et al., 2003).
Among the many cues required for adipogenic differentiation
in vitro, increased cell density appears to be critically important
for downregulation of RhoA activity (Figure 4B) (McBeath et al.,
2004). While cells can be easily grown to postconfluence in
vitro, we propose that integrin α6-mediated cell clustering on
basement membrane might be a mechanism for preadipocytes
to achieve density in vivo. Indeed, we find that integrin α6-
dependent clustering of subconfluent preadipocytes on Matri-
gel can negatively affect RhoA activity, as previously observed
with cells plated at a confluent density. Such clustering may
also assist in establishing contact inhibition and therefore pre-




The C/EBPα (14AA), Myc (C-19), integrin α5 (H-104), and α6 (H-87) poly-
clonal antibodies were purchased from Santa Cruz Inc. The aP2 polyclonal
antibody was kindly provided by Dr. David A. Bernlohr. The monoclonal
blocking antibodies against α5 (5H10-27) and α6 (GoH3) were from BD
Biosciences. Monoclonal β-actin antibody was obtained from SigmaAldrich.
The Rac, Rho, and CAP antibodies were from Upstate Biotechnology, Inc.
The paxillin, phosphor-paxillin, ERK, and phosphor-ERK antibodies were
purchased from Cell Signaling. Matrigel Basement Membrane Matrix and
Cell Recovery Solution were from BD Biosciences. Horseradish peroxidase-
linked secondary antibodies were from Pierce Chemical Co. The Alexa Fluor
secondary antibodies and phalloidin were from Molecular Probes. Poly-
brene were purchased from SigmaAldrich. The protease inhibitor mini tab-
lets were obtained from Roche Diagnostics. The GST-PAK1 and GST-rho-
tekin agarose beads were from Cytoskeleton. The Cell Proliferation and
ELISA Kit was from Roche Applied Science. Vectashield mounting medium
was purchased from Vector Laboratories. Lipofectamine 2000 transfection
reagent and reagents for tissue culture were obtained from Invitrogen.
Construction of lentiviral vectors containing α5, α6, and Rac cDNAs
To generate HIV-based lentiviral vectors, a typical three-plasmid expression
system was used (Naldini et al., 1996) with modifications stated elsewhere
(Wu et al., 2000). In brief, the original packaging construct pCMV-gag-pol
was modified to contain the tetracycline (Tc)-response element (TRE, PCR
amplified from pTRE-d2EGFP, clontech 6242-1) in replacement of the CMV
promoter to obtain plasmid pTRE-gag-pol. In the presence of Tc-responsive
transcriptional activator (tTA) expressed by pTet-Off plasmid (Clontech
K1620-A), TRE drives expression of all viral elements required in trans ex-
cept viral envelope and packaging sequence (ψ). The envelope expression
plasmid contains a CMV-driven VSVG gene. The original transducing plas-
mids include cis-acting sequences of HIV required for packaging, reverse
transcription, and integration, as well as various cDNA for enhanced green
fluorescence protein (pHR-CMV-GFP), integrin α5 (pHR-CMV- α5), or inte-
grin α6 (pHR-CMV- α6) that were subsequently used in lentivirus prepara-
tions.
The mouse α5 and α6 cDNAs were generated by RT-PCR. In brief, total
cellular RNA was purified from 3T3-L1 preadipocytes, and adipocytes using
the TRIzol reagent (Invitrogen). cDNA was synthesized with the SuperScript
First-Strand Synthesis System from Invitrogen. Full-length α5 cDNA was
obtained by one-step PCR (25 cycles) and was subcloned into BamHI and
XhoI sites of pHRCTS-CMV-WPRE following digestion with BclI and XhoI.
α6 cDNA was obtained by sequential ligation of two PCR fragments,
flanked by BglII/XhoI and XhoI/SalI, respectively, into pHRCTS-CMV-WPRE.CELL METABOLISM : SEPTEMBER 2005Rac cDNAs fused at N terminus with Myc tag were derived from pRK5-Myc-
Rac constructs by PCR and subcloned into pHRCTS-CMV-WPRE following
BamHI and XhoI digestion. For quantitative purpose, cDNA was synthesized
as described above and used as a template for 15 cycles of PCR.
Cell culture
293T/17 cells (ATCC) were cultured in DMEM containing 10% fetal bovine
serum (FBS). Mouse 3T3-L1 preadipocytes were maintained in DMEM sup-
plemented with 10% calf serum, 100 U/mL penicillin G sodium, and 100
g/mL streptomycin sulfate. Differentiation to adipocytes was induced by
treatment of postconfluent cells with 10% FBS, 1 g/mL insulin, 1 M dex-
amethasone (DEX), and 0.5 mM isobutyl-1-methylzanthine (MIX). The differ-
entiation medium was withdrawn 3 days later and replaced with medium
supplemented with 10% FBS and 1 g/mL insulin. After 2 days in insulin-
containing medium, the cells were then cultured in DMEM containing 10%
FBS.
Isolation of mouse primary preadipocytes and adipocytes
Isolated epididymal fat tissue was rinsed briefly in Krebs Ringer Buffer
(KRB; 25 mM HEPES [pH 7.6], 120 mM NaCl, 5 mM KCl, 1 mM KH2PO4,
1 mM MgSO4, 2.5 mM CaCl2, and 2% BSA) and then minced in collagenase
solution (1 mg/ml collagenase and 2 mM glucose in KRB). The mixture was
then incubated in a shaking waterbath at 37°C for 30 min. The resulting cell
suspension was filtered twice through a 100 M cell strainer. The filtrate
was allowed to settle for 3 min to separate into a top adipocyte layer, and
an infranatant containing preadipocytes. The infranatant was drawn off with
a needle and saved, while the adipocytes were further washed with KRB
and allowed to settle as above. This process was repeated three to four
times, until the infranatant was clear. The resulting adipocytes were then
immediately lysed and analyzed by Western blotting.
To further purify the preadipocytes, infranatants were combined and
centrifuged at 150 g. The pellet was resuspended in media and filtered
through a 70 M cell strainer. The filtrate was centrifuged again and resus-
pended in erythrocyte lysis buffer (154 mM NH4Cl, 10 mM KHCO3, and 0.1
mM EDTA) and incubated at room temperature for 10 min. The cell suspen-
sion was centrifuged at 100 g and then resuspended in KRB or lysed for
Western blot analysis
Production of recombinant lentivirus and infection
of 3T3-L1 preadipocytes
The lentiviral vectors (10 g) were transfected into 293T cells cultured in a
15 cm dish together with the packaging mix (22 g) by using Lipofectam-
ine2000 from Invitrogen. The culture medium was refreshed after 15 hr and
was collected at 60 hr posttransfection. The viruses were passed through
0.45 min filters and further concentrated by ultracentrifugation at 25,000
rpm for 90 min in a SW-28 rotor (Beckman). The viral pellets were resus-
pended in appropriate volumes of growth medium and then were used to
infect 3T3-L1 preadipocytes. For this purpose, 3T3-L1 preadipocytes were
usually seeded in a 6 cm dish overnight and were cultured subsequently in
infectious media containing 8 g/mL of polybrene for 15 hr.
Cell lysis and immunoblotting
3T3-L1 preadipocytes and adipocytes in 60 mm dishes were washed twice
with ice-cold phosphate-buffered saline, and were lysed for 30 min at 4°C
with buffer containing 50mM Tris-HCl (pH 8.0), 135mM NaCl, 1% Triton
X-100, 1.0mM EDTA, 1.0mM sodium pyrophosphate, 1.0mM sodium ortho-
vanadate, 10mM NaF, and protease inhibitors (1 mini tablet per 7 ml of
buffer). The clarified lysates were mixed with 2× SDS sample buffer. Solubi-
lized proteins were resolved by SDS-PAGE and transferred to nitrocellulose
membranes. Individual proteins were detected with the specific antibodies
and visualized by blotting with horseradish peroxidase-conjugated second-
ary antibodies.
Confocal fluorescence microscopy
Cells were routinely grown on glass cover slips in 6-well dishes. Following
the fixation with 10% formalin for 20 min, cells were permeabilized with
0.5% Triton X-100 for 5 min, and were then blocked with 1% BSA and 1%
ovalbumin for 1 hr. Primary and Alexa Fluor secondary antibodies were used
at 2 g/l in blocking solution, and samples were mounted on glass slides175
A R T I C L Ewith Vectashield. Cells were imaged using confocal fluorescence micro-
scope (Olympus IX SLA).
Rac and Rho activity assays
Rac and Rho activity assays were performed as previously described (Be-
nard et al., 1999; Ren and Schwartz, 2000). In brief, 107 cells were grown
in 10 cm dishes, washed in cold phosphate buffered saline, and lysed on
ice in lysis buffer (50 mM Tris-HCl, [pH 7.4], 1% Triton X-100, 0.5% sodium
deoxycholate, 0.1% SDS, 500 mM NaCl, 10% glycerol, 5 mM MgCl2, and
protease inhibitors). Cleared lysates were incubated for 30 min at 4°C with
glutathione S transferase (GST)-PAK1 or GST-rhotekin beads to precipitate
GTP-bound Rac and Rho, respectively. Precipitated complexes were
washed three times in lysis buffer and boiled in sample buffer. Total lysates
and precipitates were analyzed on Western blot using monoclonal antibod-
ies against Rac and RhoA.
Oil Red O staining
Intracellular triglyceride was stained by Oil Red O as described previously
(Kasturi and Joshi, 1982). Cell monolayer was fixed in 10% buffered neutral
formalin for 24 hr, rinsed with water followed by 70% ethanol, and stained
with Oil Red O solution for 15 min. Excess stain was removed by washing
with 70% ethanol until no more dye diffused out. The stained cells were
washed finally with water before photographed under light microscope.
Measurement of cell proliferation using BrdU ELISA
The assay was performed using a colorimetric BrdU cell proliferation en-
zyme-linked immunosorbent assay kit (Roche). Aliquots of 10 ml BrdU la-
beling solution were added to each well 8–24 hr after seeding of the cells,
and the cells were reincubated for 4 hr. After removal of the culture medium,
the cells were fixed, and the DNA was denaturated in one step. Subse-
quently, the anti-BrdU–peroxidase conjugate was added and bound to the
incorporated BrdU in newly synthesized cellular DNA. The immune com-
plexes were detected by subsequent reaction with tetramethylbenzidine as
substrate for 20 min. The reaction was stopped by addition of 25 ml 1 M
H2SO4, and the reaction product was quantified by measuring the absor-
bance at 450 nm with reference to 690 nm using a Spectramax 250 plate
reader (Molecular Devices Corporation).
Supplemental data
Supplemental Data include one figure and two tables and can be found
with this article online at http://www.cellmetabolism.org/cgi/content/full/2/
3/165/DC1/.
Acknowledgments
This work was supported by National Institutes of Health (NIH) grants
DK61618 and DK60591. M.Z. was supported by National Institute of Diabe-
tes and Digestive and Kidney Diseases (NIDDK) postdoctoral National Re-
search Service Award (NRSA) fellowship F32 DK064551. This work also
utilized the Cell and Molecular Biology Core of the Michigan Diabetes Re-
search and Training Center funded by NIH5P60 DK20572.
Received: April 5, 2005
Revised: July 15, 2005
Accepted: August 16, 2005
Published: September 13, 2005
References
Adams, J.C., and Watt, F.M. (1990). Changes in keratinocyte adhesion dur-
ing terminal differentiation: reduction in fibronectin binding precedes alpha
5 beta 1 integrin loss from the cell surface. Cell 63, 425–435.
Ailhaud, G., Grimaldi, P., and Negrel, R. (1992). Cellular and molecular as-
pects of adipose tissue development. Annu. Rev. Nutr. 12, 207–233.
Baumann, C.A., Chokshi, N., Saltiel, A.R., and Ribon, V. (2000). Cloning and
characterization of a functional peroxisome proliferator activator receptor-176gamma-responsive element in the promoter of the CAP gene. J. Biol. Chem.
275, 9131–9135.
Benard, V., Bohl, B.P., and Bokoch, G.M. (1999). Characterization of rac and
cdc42 activation in chemoattractant-stimulated human neutrophils using a
novel assay for active GTPases. J. Biol. Chem. 274, 13198–13204.
Burdi, A.R., Poissonnet, C.M., Garn, S.M., Lavelle, M., Sabet, M.D., and
Bridges, P. (1985). Adipose tissue growth patterns during human gestation:
a histometric comparison of buccal and gluteal fat depots. Int. J. Obes. 9,
247–256.
Burridge, K., and Wennerberg, K. (2004). Rho and Rac take center stage.
Cell 116, 167–179.
Cao, Z., Umek, R.M., and McKnight, S.L. (1991). Regulated expression of
three C/EBP isoforms during adipose conversion of 3T3–L1 cells. Genes
Dev. 5, 1538–1552.
Chiariello, M., Marinissen, M.J., and Gutkind, J.S. (2001). Regulation of
c-myc expression by PDGF through Rho GTPases. Nat. Cell Biol. 3, 580–
586.
Coleman, M.L., and Marshall, C.J. (2001). A family outing: small GTPases
cyclin’ through G1. Nat. Cell Biol. 3, E250–E251.
Cornelius, P., MacDougald, O.A., and Lane, M.D. (1994). Regulation of adi-
pocyte development. Annu. Rev. Nutr. 14, 99–129.
Etienne-Manneville, S., and Hall, A. (2002). Rho GTPases in cell biology.
Nature 420, 629–635.
Frade, J.M., Marti, E., Bovolenta, P., Rodriguez-Pena, M.A., Perez-Garcia,
D., Rohrer, H., Edgar, D., and Rodriguez-Tebar, A. (1996). Insulin-like growth
factor-I stimulates neurogenesis in chick retina by regulating expression of
the alpha 6 integrin subunit. Development 122, 2497–2506.
Gettys, T.W., Ramkumar, V., Uhing, R.J., Seger, L., and Taylor, I.L. (1991).
Alterations in mRNA levels, expression, and function of GTP-binding regula-
tory proteins in adipocytes from obese mice (C57BL/6J-ob/ob). J. Biol.
Chem. 266, 15949–15955.
Gjoerup, O., Lukas, J., Bartek, J., and Willumsen, B.M. (1998). Rac and
Cdc42 are potent stimulators of E2F-dependent transcription capable of
promoting retinoblastoma susceptibility gene product hyperphosphoryla-
tion. J. Biol. Chem. 273, 18812–18818.
Green, H., and Kehinde, O. (1975). An established preadipose cell line and
its differentiation in culture. II. Factors affecting the adipose conversion. Cell
5, 19–27.
Green, H., and Meuth, M. (1974). An established pre-adipose cell line and
its differentiation in culture. Cell 3, 127–133.
Gregoire, F.M., Smas, C.M., and Sul, H.S. (1998). Understanding adipocyte
differentiation. Physiol. Rev. 78, 783–809.
Grigoriadis, A.E., Heersche, J.N., and Aubin, J.E. (1988). Differentiation of
muscle, fat, cartilage, and bone from progenitor cells present in a bone-
derived clonal cell population: effect of dexamethasone. J. Cell Biol. 106,
2139–2151.
Hagel, M., George, E.L., Kim, A., Tamimi, R., Opitz, S.L., Turner, C.E., Ima-
moto, A., and Thomas, S.M. (2002). The adaptor protein paxillin is essential
for normal development in the mouse and is a critical transducer of fibro-
nectin signaling. Mol. Cell. Biol. 22, 901–915.
Hausman, G.J., Wright, J.T., and Richardson, R.L. (1996). The influence of
extracellular matrix substrata on preadipocyte development in serum-free
cultures of stromal-vascular cells. J. Anim. Sci. 74, 2117–2128.
Howe, A.K., Aplin, A.E., and Juliano, R.L. (2002). Anchorage-dependent
ERK signaling–mechanisms and consequences. Curr. Opin. Genet. Dev. 12,
30–35.
Huang, S., Chen, C.S., and Ingber, D.E. (1998). Control of cyclin D1,
p27(Kip1), and cell cycle progression in human capillary endothelial cells by
cell shape and cytoskeletal tension. Mol. Biol. Cell 9, 3179–3193.
Huang, S., and Ingber, D.E. (1999). The structural and mechanical complex-
ity of cell-growth control. Nat. Cell Biol. 1, E131–E138.
Kadoya, Y., Kadoya, K., Durbeej, M., Holmvall, K., Sorokin, L., and Ekblom,CELL METABOLISM : SEPTEMBER 2005
α integrin switching in adipogenesisP. (1995). Antibodies against domain E3 of laminin-1 and integrin alpha 6
subunit perturb branching epithelial morphogenesis of submandibular
gland, but by different modes. J. Cell Biol. 129, 521–534.
Kasturi, R., and Joshi, V.C. (1982). Hormonal regulation of stearoyl coen-
zyme A desaturase activity and lipogenesis during adipose conversion of
3T3–L1 cells. J. Biol. Chem. 257, 12224–12230.
Kawaguchi, N., Toriyama, K., Nicodemou-Lena, E., Inou, K., Torii, S., and
Kitagawa, Y. (1998). De novo adipogenesis in mice at the site of injection
of basement membrane and basic fibroblast growth factor. Proc. Natl.
Acad. Sci. USA 95, 1062–1066.
Kazarov, A.R., Yang, X., Stipp, C.S., Sehgal, B., and Hemler, M.E. (2002).
An extracellular site on tetraspanin CD151 determines alpha 3 and alpha 6
integrin-dependent cellular morphology. J. Cell Biol. 158, 1299–1309.
Kershaw, E.E., and Flier, J.S. (2004). Adipose tissue as an endocrine organ.
J. Clin. Endocrinol. Metab. 89, 2548–2556.
Kuwada, S.K., and Li, X. (2000). Integrin alpha5/beta1 mediates fibronectin-
dependent epithelial cell proliferation through epidermal growth factor re-
ceptor activation. Mol. Biol. Cell 11, 2485–2496.
MacDougald, O.A., and Lane, M.D. (1995). Transcriptional regulation of
gene expression during adipocyte differentiation. Annu. Rev. Biochem. 64,
345–373.
Mandrup, S., and Lane, M.D. (1997). Regulating adipogenesis. J. Biol.
Chem. 272, 5367–5370.
McBeath, R., Pirone, D.M., Nelson, C.M., Bhadriraju, K., and Chen, C.S.
(2004). Cell shape, cytoskeletal tension, and RhoA regulate stem cell lin-
eage commitment. Dev. Cell 6, 483–495.
Menko, S., Philp, N., Veneziale, B., and Walker, J. (1998). Integrins and de-
velopment: how might these receptors regulate differentiation of the lens.
Ann. N Y Acad. Sci. 842, 36–41.
Mettouchi, A., Klein, S., Guo, W., Lopez-Lago, M., Lemichez, E., Westwick,
J.K., and Giancotti, F.G. (2001). Integrin-specific activation of Rac controls
progression through the G(1) phase of the cell cycle. Mol. Cell 8, 115–127.
Naldini, L., Blomer, U., Gallay, P., Ory, D., Mulligan, R., Gage, F.H., Verma,
I.M., and Trono, D. (1996). In vivo gene delivery and stable transduction of
nondividing cells by a lentiviral vector. Science 272, 263–267.
O’Connor, K.C., Song, H., Rosenzweig, N., and Jansen, D.A. (2003). Extra-
cellular matrix substrata alter adipocyte yield and lipogenesis in primary
cultures of stromal-vascular cells from human adipose. Biotechnol. Lett. 25,
1967–1972.
Pittenger, M.F., Mackay, A.M., Beck, S.C., Jaiswal, R.K., Douglas, R.,
Mosca, J.D., Moorman, M.A., Simonetti, D.W., Craig, S., and Marshak, D.R.
(1999). Multilineage potential of adult human mesenchymal stem cells. Sci-
ence 284, 143–147.
Qiu, Z., Wei, Y., Chen, N., Jiang, M., Wu, J., and Liao, K. (2001). DNA syn-
thesis and mitotic clonal expansion is not a required step for 3T3–L1 preadi-
pocyte differentiation into adipocytes. J. Biol. Chem. 276, 11988–11995.
Rando, O.J., Zhao, K., and Crabtree, G.R. (2000). Searching for a function
for nuclear actin. Trends Cell Biol. 10, 92–97.
Ren, X.D., and Schwartz, M.A. (2000). Determination of GTP loading on
Rho. Methods Enzymol. 325, 264–272.
Reusch, J.E., Colton, L.A., and Klemm, D.J. (2000). CREB activation in-
duces adipogenesis in 3T3–L1 cells. Mol. Cell. Biol. 20, 1008–1020.
Ridley, A.J. (2001). Cyclin’ round the cell with Rac. Dev. Cell 1, 160–161.
Rosen, E.D., and Spiegelman, B.M. (2000). Molecular regulation of adipo-
genesis. Annu. Rev. Cell Dev. Biol. 16, 145–171.
Rosen, E.D., Walkey, C.J., Puigserver, P., and Spiegelman, B.M. (2000).
Transcriptional regulation of adipogenesis. Genes Dev. 14, 1293–1307.
Rosen, O.M., Smith, C.J., Hirsch, A., Lai, E., and Rubin, C.S. (1979). Recent
studies of the 3T3–L1 adipocyte-like cell line. Recent Prog. Horm. Res. 35,
477–499.
Sastry, S.K., Lakonishok, M., Thomas, D.A., Muschler, J., and Horwitz, A.F.CELL METABOLISM : SEPTEMBER 2005(1996). Integrin alpha subunit ratios, cytoplasmic domains, and growth fac-
tor synergy regulate muscle proliferation and differentiation. J. Cell Biol.
133, 169–184.
Sastry, S.K., Lakonishok, M., Wu, S., Truong, T.Q., Huttenlocher, A., Turner,
C.E., and Horwitz, A.F. (1999). Quantitative changes in integrin and focal
adhesion signaling regulate myoblast cell cycle withdrawal. J. Cell Biol. 144,
1295–1309.
Schmidt, W., Poll-Jordan, G., and Loffler, G. (1990). Adipose conversion of
3T3–L1 cells in a serum-free culture system depends on epidermal growth
factor, insulin-like growth factor I, corticosterone, and cyclic AMP. J. Biol.
Chem. 265, 15489–15495.
Selvarajan, S., Lund, L.R., Takeuchi, T., Craik, C.S., and Werb, Z. (2001). A
plasma kallikrein-dependent plasminogen cascade required for adipocyte
differentiation. Nat. Cell Biol. 3, 267–275.
Smas, C.M., and Sul, H.S. (1995). Control of adipocyte differentiation. Bio-
chem. J. 309, 697–710.
Smith, P.J., Wise, L.S., Berkowitz, R., Wan, C., and Rubin, C.S. (1988). Insu-
lin-like growth factor-I is an essential regulator of the differentiation of 3T3–
L1 adipocytes. J. Biol. Chem. 263, 9402–9408.
Sordella, R., Jiang, W., Chen, G.C., Curto, M., and Settleman, J. (2003).
Modulation of Rho GTPase signaling regulates a switch between adipogen-
esis and myogenesis. Cell 113, 147–158.
Sotiropoulos, A., Gineitis, D., Copeland, J., and Treisman, R. (1999). Signal-
regulated activation of serum response factor is mediated by changes in
actin dynamics. Cell 98, 159–169.
Spiegelman, B.M., and Flier, J.S. (2001). Obesity and the regulation of en-
ergy balance. Cell 104, 531–543.
Spiegelman, B.M., and Ginty, C.A. (1983). Fibronectin modulation of cell
shape and lipogenic gene expression in 3T3-adipocytes. Cell 35, 657–666.
Tabata, Y., Miyao, M., Inamoto, T., Ishii, T., Hirano, Y., Yamaoki, Y., and
Ikada, Y. (2000). De novo formation of adipose tissue by controlled release
of basic fibroblast growth factor. Tissue Eng. 6, 279–289.
Tang, Q.Q., Jiang, M.S., and Lane, M.D. (1999). Repressive effect of Sp1
on the C/EBPalpha gene promoter: role in adipocyte differentiation. Mol.
Cell. Biol. 19, 4855–4865.
Tang, Q.Q., Otto, T.C., and Lane, M.D. (2003). Mitotic clonal expansion: a
synchronous process required for adipogenesis. Proc. Natl. Acad. Sci. USA
100, 44–49.
Thompson, G.M., Trainor, D., Biswas, C., LaCerte, C., Berger, J.P., and Kelly,
L.J. (2004). A high-capacity assay for PPARgamma ligand regulation of en-
dogenous aP2 expression in 3T3–L1 cells. Anal. Biochem. 330, 21–28.
Turner, C.E. (2000a). Paxillin and focal adhesion signalling. Nat. Cell Biol. 2,
E231–E236.
Turner, C.E. (2000b). Paxillin interactions. J. Cell Sci. 113, 4139–4140.
Vassaux, G., Gaillard, D., Ailhaud, G., and Negrel, R. (1992). Prostacyclin is
a specific effector of adipose cell differentiation. Its dual role as a cAMP-
and Ca(2+)-elevating agent. J. Biol. Chem. 267, 11092–11097.
Viravaidya, K., and Shuler, M.L. (2002). The effect of various substrates on
cell attachment and differentiation of 3T3–F442A preadipocytes. Biotech-
nol. Bioeng. 78, 454–458.
Wang, H.Y., Watkins, D.C., and Malbon, C.C. (1992). Antisense oligodeoxy-
nucleotides to GS protein alpha-subunit sequence accelerate differentiation
of fibroblasts to adipocytes. Nature 358, 334–337.
Wasserman, F. (1965). The development of adipose tissue. In Handbook of
physiology, A.E. Renold and G.F. Cahill, eds. (Washington DC: American
Physiology Society), pp. 87–100.
Wu, X., Wakefield, J.K., Liu, H., Xiao, H., Kralovics, R., Prchal, J.T., and
Kappes, J.C. (2000). Development of a novel trans-lentiviral vector that af-
fords predictable safety. Mol. Ther. 2, 47–55.
Zhang, X.A., Kazarov, A.R., Yang, X., Bontrager, A.L., Stipp, C.S., and
Hemler, M.E. (2002). Function of the tetraspanin CD151-alpha6beta1 inte-
grin complex during cellular morphogenesis. Mol. Biol. Cell 13, 1–11.177
